SUMMARY Augmented reality tasks require a high-reliability tracking method. Large tracking error causes many problems during AR applications. Tracking error estimation should be integrated with them to improve the reliability of tracking methods. Although some tracking error estimation methods have been developed, they are not feasible to be integrated because of computational speed and accuracy. For this study, a tracking error estimation algorithm with screen error estimation based on the characteristic of linecode marker was applied. It can rapidly estimate tracking error. An evaluation experiment was conducted to compare the estimated tracking error and the actual measured tracking error. Results show that the algorithm is reliable and sufficiently fast to be used for real-time tracking error warning or tracking accuracy improvement methods. key words: augmented reality, linecode marker, tracking method, tracking error, tracking accuracy, error estimation, wheel tracking error computation method
Introduction
Augmented reality (AR) is a field of computer research which deals with the combination of real-world and computer-generated data. In fact, AR technology is broadly used in medical, manufacturing, entertainment, and military applications, and in others as well [1] .
Tracking, which computes a camera pose (including position and orientation) from the relationship between the feature points in the environment and in the image, is a key technology for AR. Accurate tracking is necessary for many AR applications. For example, tracking accuracy is extremely important when AR is used in navigation tasks or field-work support tasks, such as displaying a radiation map in a nuclear power plant, to prevent field workers from entering dangerous regions. Inaccurate tracking might mean that information is not displayed in the correct position, possibly leading workers into dangerous areas. In this study, we want to apply AR for use in nuclear power plant (NPP) field-work support. Typically, an NPP is a large area with a very complex environment. Tracking accuracy is the key requirement when applying AR. Furthermore, the conditions in the NPP field are also complex, with various light conditions (from very dark to very bright in different areas), cleanliness (the size of NPP, larger than 300,000m2, requires that an NPP be completely cleaned at long intervals). Therefore, the tracking method should be made in consideration of all possible conditions to meet the requirements of high accuracy, even under bad conditions. Most traditional tracking methods give only a tracking result without Tracking Error Estimation (TEE) [2] . Others give only some screen error as a measurement of tracking error, such as the reprojection error [3] . The reprojection error cannot be used as a measurement of tracking error because tracking error is not directly and singularly affected by the projection error.
Many methods, such as camera calibration methods, have been proposed to improve the tracking accuracy in the design phase (before AR implementation). However, it is insufficient to consider only the problem in the design phase because the problem becomes much more complex in the run phase. Many causes can produce large tracking error during the run phase (during AR implementation). Those causes mainly include: illumination, marker misidentification, marker misplacement, camera distortion, inaccurate perspective n-point solution method, and low camera resolution.
Recently, some methods to improve tracking accuracy have been proposed in AR. Error estimation has been adopted in related works to improve the tracking robustness [3]- [6] . In fact, [3]-[6] have proposed TEEs and used them to increase the registration accuracy. However, these methods are not feasible for the NPP field-work support system because these methods, including M-estimation and RANSAC method, characterize reprojection error as a measure of tracking error. However, in real conditions, tracking error has many causes. For that reason, these methods are inappropriate to evaluate tracking error correctly, especially when the tracking error is largely affected by other causes. This study proposes a tracking error computation method which can simulate these causes.
To make the tracking methods reliable in the run phase, a real-time TEE (RTEE) method, which considers all causes listed above and can be integrated into the tracking methods, is needed.
Current TEE methods are not reliable RTEE methods because: (1) current TEE methods give no maximum possible tracking error, but instead give a probabilistic [7] , [8] tracking error; (2) the computation speeds of these TEE methods are not sufficiently high. A new TEE algorithm must be proposed to compute tracking error from all possi- in the ideal screen coordinate; (xn,yn) is the bottom (last) element of the linecode marker in the ideal screen coordinate. Therefore ss can be computed from
The distance between the ith element and the top element is expected to be the following.
Compute the differences between the two series of distances. Because the largest possible error should be computed, the maximum possible linear error is computed from the following.
For the bottom element, the following is used. point of the circles introduced above (the reason is explained in Sect. 3.4). We must compute two circles to generate an x limitation area for each pair of FPs and compute two circles to generate a y limitation area for each marker when the marker arrangement has n FPs. Consequently, the total number of limitation areas is
We must compute n(n+1) circles and n(n+1)/2 limitation areas for n FPs. Then we must compute the intersection points of these circles and thereby determine the most distant intersection point which can exist in all limitation areas.
The distance between that point and C is the tracking error.
Rotate the x-z plane to y-z plane in the RTEE method for evaluation of the tracking error in the y direction. The TER in the y-z plane is different from that in the x-z plane. Figure 12 portrays the experiment configuration. The global coordinate is defined with the origin at O in Fig. 12 , the x direction is set toward the reader, the y direction is set as up, and the z direction is set as right. The NPP environment includes many vertical pipes. All markers are placed vertically to simulate the NPP environment because most markers will be placed vertically in the NPP environment on these vertical pipes. The placement error was within 1cm. This configuration was adopted to simulate the complex and largescale environment in the NPP field. The camera was placed in front of the markers; the camera was moved from 0 to 8m in the x direction and from 2 to 11m in the z direction. The camera was rotated at every point with 0, 20, 40 deg (to the direction in which markers can be captured). The camera captured three frames at each point. Subsequently, the average tracking error of the three frames was computed as the result of tracking error. The camera was fixed during image capturing because movement is dangerous when watching the AR devices in the complex NPP environment. The worker stands without much movement when using the NPP field-work support system. For that reason, the camera will not move very much and the effects of error, such as blur, can be neglected. The average illumination condition in the room was 1050lux. No linecode-marker-like articles were present in the experiment room.
Experiment Configuration

Tracking Error Measurement
To evaluate the tracking accuracy, the estimated camera pose must be estimated from the tracking result and the real camera pose must be measured manually. However, the 3D rotation of the camera is difficult to measure; for that reason, only the 3D position is evaluated. The vector (X'C, Y'C, Z'C)T is the estimated position of camera in global coordinate. The position of camera is measured manually as (XC, YC, ZC)T. The estimated camera position error is defined as has a large estimated tracking error (5.3m) because multisolution occurs in the y-z plane. Although the tracking method selected the correct one, it is not a reliable result because it is also possible that the tracking method can select the other one. Although the tracking method did not
give a result with a tracking error as 5m, we can not be certain that the tracking method will not give such a result at a nearby pose or at another capture at the same pose. We chose not to use a marker arrangement, as in the experiment, if (2, -0.085, 3) and 20 deg is a pose that would be used in NPP field-work. When the camera was placed at 40 deg, many poses showed tracking error greater than 40cm and estimated correctly using the RTEE algorithm.
The computation speed of the RTEE is quite feasible at 1ms per frame using a Pentium M 1.6GHz (Intel Corp.) laptop PC. Consequently, RTEE can be readily integrated into the tracking method. Figure 14 shows a comparison of the results obtained using our approach and the traditional approach (left is the real tracking error, center is the estimated tracking error 
